A mathematical optimisation method can be classified as a simultaneous approach, which accounts for capital and energy trade-offs, accurately. The NLP model [6] , based on mathematical -4 -programming, can be used for rigorous process modelling, including heat and power integration, and process modifications. Although simultaneous, it is difficult to converge for complex and energy intensive processes, because the number of variables increases with the number of combinations.
In this paper, simultaneous NLP mathematical optimization techniques for electricity cogeneration using a gas turbine [7] is supplemented by increased production when changing amount flow rate ratios of raw materials (reactants).
Changing Raw Material Flow Rate Ratios
Opportunities for increasing production depend very much on the reaction conversion rates, and The equilibrium constant determines the extent of a chemical reaction at equilibrium. It can be calculated if the concentration of each reactant and product in a reaction at equilibrium is known.
-5 -
The conversion rate of reaction r (ω r ) can be calculated from a differential change of the reaction extent (dξ r ), with time t:
A differential change of the reaction extent (dξ r ) can be calculated from a differential change of the amount (dn s ) divided by its stoichiometric coefficient:
The extent of a reaction characterizes how the advancement of the reaction has taken place.
Equation 2 has to be integrated from the initial ξ r = 0 and n s = n s,in to the outlet ξ r and n s,out :
The outlet amount flow rate for component s in reaction r is:
The amount flow rate F is defined as:
and outlet amount flow rate for component s is:
The equilibrium constant of reaction r (K r ) [8] can be calculated by the minimization of Gibbs (free) energy (∆ G):
Higher reactant flow rate favours reactions with higher conversion, while optimization of raw material composition can increase production.
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The changing amount flow rate of reactant ( F) is affecting the heat flow rate of the outlet reaction stream (Φ ), which can enlarge electricity cogeneration and heat integration in a process (Fig   1) . The simultaneous approach can optimize the trade-off between heat and electricity cogeneration.
Cogeneration is constrained by the lowest possible outlet temperature of the gas turbine.
Cogeneration is choosing the lowest temperature limit because cogeneration is usually more profitable than heat integration. 
Case Study
The changing flow rate ratios of raw materials have been evaluated using a complex, low-pressure Lurgi methanol process [8] , enlarged by a gas turbine. It is composed of three subsystems ( Fig. 2 ):
• production of synthesis gas
• production of crude methanol and
• purification of methanol (F301, D301−D304).
In the first subsystem, natural gas is desulphurized (D101) and heated in a steam reformer (REA-1) where synthesis gas is produced from natural gas and steam: The second reactor is operated at 51 bar pressure and unconverted gas is recycled. The retrofitted reactor is operated within the existing parameters. The high recycle ratio and high operating pressure drop after the reactor could be exploited to produce electricity, using a gas turbine (TUR) placed downstream of the reactor (Fig. 3) . The turbine is using process gas as a working fluid. The The NLP model used has been described in detail earlier [8] ; it contains 120 equations and 128
variables. The parameters of all the process units in the retrofitted model, shown in Fig. 3 : the heat ACCEPTED MANUSCRIPT -8 -exchanger network, flash separators, compressors, mixer, splitters, reactors [8] and the turbine [7] were simultaneously optimized using the GAMS/MINOS [9] . This NLP can be solved with a largescale reduced gradient method (MINOS in our case). The model is non-convex, it does not guarantee the global optimum solution, but it quickly gives good results for nontrivial, complex
processes. The NLP model used, contained variables of all the process parameters: molar heat capacities, material flow rates, heat flow rates and temperatures, which were limited by real constraints. The NLP model had variable heat capacity flow rates for all the streams and the structure could also be varied by using them. The NLP model contained equations for structural and parametric optimization. The simultaneous mathematical optimization method for the methanol process using the NLP model has regarded effects of the:
• additional flow rate of H 2 before the two-stage compressor (G201I-II) − hydrogen is separated from the purge gas by an existing (but inactive) pressure swing adsorption (PSA)
column (see section 3.1),
• decreased raw material flow rate of high pressure steam as a reactant (section 3.2),
• increased methanol production, depending on the raw material (H 2 and steam) flow rates, the separator (SEP) and the reactor system (REA-1, REA-2),
• electric power cogeneration,
• heat integration between outlet and inlet streams; the inlet stream of the reactor REA-2 can be heated by a process stream in the heat exchanger (HEPR) and/or by high pressure steam (HEST), with varying heat flow rates, and
• optimized exhaust flow rate (purge gas). 
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The goal of the optimization was to maximize additional annual income and minimize additional annual depreciation (eq. 8). The additional annual income was summed up (Table 1) as:
• cogeneration of the additional electricity (P tur ⋅η tur ⋅η gen ),
• additional production of methanol ( F M ) and
• savings obtained by decreasing the flow rate of high pressure steam ( F steam ) as a reactant.
The additional annual depreciation (Table 1) was derived from the investments into:
• the gas turbine with power P tur ,
• the compressors COMP1 and COMP2 and
• the enlarged and new areas of heat exchanger (A HE ).
The objective function included:
• H 2 purification cost in the existing PSA column and
• the cost of buying the high pressure steam in the heat exchanger HEST.
Maximum additional annual profit was calculated according to the Eq. 8: (Table 1) were multiplied by the payback multiplier (r = 0.216; [10] ). Table 1. -11 -
Decreasing flow rate of high pressure steam
Synthesis gas is produced from natural gas using 33.15 t/h of high pressure steam in the reactor (REA-1). The flow rate of high pressure steam (as the raw material in REA-1)
can be decreased to the lower operating bound constraint of 32.00 t/h, thereby reducing the high pressure steam usage by 1.149 t/h (9 192 t/a with the operating time fraction of 8 000 h/a). All the other process units are operating within the existing parameters. The lower high pressure steam flow rate in REA-1 changes the reaction equilibriums of R4
and R5, as well as the degree of conversion in both, the synthesis gas and the methanol synthesis reactors. Higher equilibrium degree of conversion in the synthesis gas reactor decreases the CO 2 and H 2 flow rates in R5 by 0.084 mol/s, and increases the flow rate of CO in R4 by the same 0.084 mol/s. Yet, the high pressure steam flow rate in the synthesis gas reactor can be decreased by 1.149 t/h (63.833 kmol/h) only, due to the lower bound constraint of 32.00 t/h (1 777.7 kmol/h). This is changing the amount flow rates of components in the synthesis gas according to the Eq. 9:
where F syn, i0 is the amount flow rate of a component i in the synthesis gas (i = CO 2 , CO and H 2 ), when using 33.15 t/h (1 841.6 kmol/h) of high pressure steam, and F i is the amount flow rate change of component i in the synthesis gas, when using 32.00 t/h of high pressure steam, the latter depends on the high-pressure steam flow rate change, F steam , too. The sum of the components is equal to the total amount flow rate, Eq. 10:
The methanol production is increased depending on: the H 2 and steam flow rates, the separation in the separator (SEP), the extent of reaction in the reactor (REA-2), and the purge flow rate. Additional production of methanol F M can be calculated from the relationship:
F M being the optimized amount flow rate of methanol, and F M0 (138.97 mol/s) the existing one.
Additional flow rate of hydrogen
Additional flow rate of H 2 in the crude methanol recycle is increasing the methanol production. The methanol conversion rate is calculated for the equilibrium reaction system (Eq. 6) depending on the raw material flow rates, the recycle flow rate, and the operating conditions.
Hydrogen is separated from the purge gas by the existing pressure swing adsorption The amount balance of the pressure swing adsorption (PSA) column in the NLP model is shown simplified in Eqs 12 and 13:
F out, p, H2 = F H2 ⋅η PSA (13)
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The inlet purge stream amount flow rate (F in, p ) is the sum of the outlet streams of the pure H 2 component (F out, p, H2 ) and the remaining purge gas (F out, p ) ones. F H2 is the flow rate of H 2 in the purge gas. Pressure swing adsorption uses a packed column having 50 % efficiency (η PSA = 0.5). F out, p, H2 in purge gas can be varied up to 244 kmol/h (488 kg/h), effecting the optimal process structure, and the production rate. The H 2 purification cost in the existing PSA column and the inlet injection cost in the recycle were estimated to 0.20 EUR/kmol.
Results
The simultaneous NLP model of heat and power integration with a maximal additional amount flow rate, F(H 2 ) = 244 kmol/h , was selected for electricity cogeneration, using a gas turbine pressure drop from 49.7 bar to 37 bar, and an outlet temperature, T tur, out = 110 o C (Fig. 4) . The existing PSA column can be used for the purification of H 2 . The total additional annual methanol production (including all the effects of the additional flow rate of hydrogen, reduced flow rate of steam, and conversion flow rates) is 3.5 mol/s or 403.2 kg/h. This structure enables 17.5 MW of electricity to be generated exchanged by cooling, respectively. The purge gas outlet fraction flow rate is decreased from 5.9 % to 5.2 %. Table 2 compares the stream data of the case process, and the optimized one. 
Conclusions
In the process industries, NLP optimization can lead to considerable savings in energy consumption. Combined heat and power integration adds degrees of freedom to the optimisation method, yielding additional savings.
- It is possible to achieve additional energy saving by the cogeneration of electricity. [3] Horlock J. H., Cogeneration-combined heat and power (CHP). Thermodynamics and Economics, Pergamon Press, Oxford (1987).
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